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1
RESONATOR ELEMENT, RESONATOR,
OSCILLATOR, ELECTRONIC DEVICE, AND
MOVING OBJECT

BACKGROUND

1. Technical Field

The present invention relates to a resonator element, a
resonator, oscillator, an electronic device, and a moving
object.

2. Related Art

A resonator using quartz crystal has been known from the
related art (for example, see JP-A-2007-60729 and JP-A-
2011-19159). Such a resonator element has excellent fre-
quency-temperature characteristics, and therefore is widely
used as a reference frequency source or a transmission source
of various electronic devices.

A resonator element of a resonator disclosed in JP-A-2007-
60729 is a tuning fork type and includes a base portion and a
pair of vibrating arms which extend from the base portion. A
pair of grooves are formed on an upper surface and a lower
surface of each vibrating arm. A length of each groove is set
s0 as to be 20% to 68% with respect to the entire length of the
resonator element. With such a configuration, equivalent
series resistance R, ofthe resonator element which vibrates in
a fundamental mode may be set to be smaller than equivalent
series resistance R, in a second harmonic mode.

However, by setting the length of the groove in the range
described above, an electric-field area for exciting the funda-
mental mode is reduced by an amount of a decreased propor-
tion of the length of the groove with respect to the length of
the resonator element, and as a result, the equivalent series
resistance R, is increased.

A resonator element of a resonator disclosed in JP-A-2011-
19159 is also a tuning fork type and includes a base portion
and a pair of vibrating arms which extend from the base
portion. Each vibrating arm includes an arm portion on which
a pair of grooves opened to an upper surface and a lower
surface thereof are formed, and a hammerhead (weight por-
tion) provided on the arm portion on a side opposite the base
portion. A width of the hammerhead is set to be equal to or
more than double the width of the arm portion and a length of
the hammerhead is set to be equal to or greater than 30% of the
length of the vibrating arm, and accordingly vibration in the
second harmonic mode which is an unnecessary wave mode
may be suppressed.

However, since a proportion of the hammerhead in the
resonator element is set to be great, R, increases as a Q value
of' the resonator element decreases, in a range of the length of
the hammerhead which exceeds 41% of the length of the
vibrating arm. Even in a range of the length of the hammer-
head which is 30% to 41% of the length of the vibrating arm,
the length of the arm portion on which the groove is formed is
small and the electric-field area for exciting the fundamental
mode is small, and accordingly an electric-field effect is
decreased and the equivalent series resistance R, increases.

As described above, in the resonator element of the related
art, it was difficult to suppress the increase of the equivalent
series resistance R, and to set the equivalent series resistance
R, to be smaller than the equivalent series resistance R, in the
unnecessary wave mode. That is, in the resonator element of
the related art, it was difficult to satisfy both the reduction of
a concern of a false operation in which an oscillator with the
resonator element loaded thereon oscillates at a resonance
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frequency in the unnecessary wave mode, and the decrease of
the equivalent series resistance R ;.

SUMMARY

An advantage of some aspects ofthe invention is to provide
a resonator element which reduces an unnecessary wave
mode and exhibits an excellent vibration property in a flexural
vibration mode of a fundamental wave, and a resonator, an
oscillator, an electronic device, and a moving object with such
a resonator element loaded thereon.

The invention can be implemented as the following appli-
cation examples.

Application Example 1

This application example is directed to a resonator element
including: a vibration piece including a base portion, and a
pair of vibrating arms which, in a plan view, extend in a first
direction from the base portion, are arranged in a second
direction orthogonal to the first direction, and alternately
repeat between approach and separation from each other
along the second direction to perform the flexural vibration,
in which conditions shown by the following formula (1) are
satisfied.

fn(l;l _1)’1 (8]

QLn<Q1Z L

Herein, Q,,, represents a Q value acquired by considering
only vibration leakage in an n-th harmonic flexural vibration
mode, Q, represents a Q value in a fundamental flexural
vibration mode, [, represents equivalent inductance in the
n-th harmonic flexural vibration mode, L.; represents equiva-
lent inductance in the fundamental flexural vibration mode, f,
represents a resonance frequency in the n-th harmonic flex-
ural vibration mode, f| represents a resonance frequency in
the fundamental flexural vibration mode, and n represents a
natural number of equal to or greater than 2.

With this configuration, it is possible to suppress an
increase of a value of equivalent series resistance R, in the
fundamental flexural vibration mode, and to set a value of
equivalent series resistance R, in the n-th harmonic flexural
vibration mode to be greater than the value of the equivalent
series resistance R, in the fundamental flexural vibration
mode. Accordingly, it is possible to reduce vibration in the
n-th harmonic flexural vibration mode, and thus, it is possible
to obtain a resonator element which exhibits an excellent
vibration property, and a concern of a false operation in which
an oscillator with this resonator element loaded thereon oscil-
lates at a resonance frequency in the n-th harmonic flexural
vibration mode, is reduced.

Application Example 2

In the resonator element of the application example of the
invention, it is preferable that, when a Q value in an n-th
harmonic flexural vibration mode is set as Q,, Q,,,*/Q, " is
equal to or greater than 0.5.

As described above, by setting a proportion of a loss due to
vibration leakage in the n-th harmonic flexural vibration
mode with respect to the entire loss in the n-th harmonic
flexural vibration mode to be equal to or greater than 50%, it
is possible to more reliably suppress the increase of the value
of'the equivalent series resistance R, in the fundamental flex-
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ural vibration mode, and to set the equivalent series resistance
R,, in the n-th harmonic flexural vibration mode to be greater
than R;.

Application Example 3

In the resonator element of the application example of the
invention, it is preferable that, when a Q value in an n-th
harmonic flexural vibration mode is set as Q,,, Q,/Q, is equal
to or smaller than 1.

Accordingly, it is possible to set the Q value in the funda-
mental flexural vibration mode to be reliably greater than the
Q value acquired by considering only the vibration leakage in
the harmonic flexural vibration mode.

In a tuning fork type resonator element of the related art,
since a proportion of a thermoelastic loss with respect to the
entire loss in each mode of the fundamental flexural vibration
mode and the n-th harmonic flexural vibration mode is great,
the Q value (Q,) in the n-th harmonic flexural vibration mode
with a high frequency necessarily becomes greater than the Q
value (Q, ) in the fundamental flexural vibration mode, as will
be clear from formula (10) which will be described later. As a
result, the equivalent series resistance R, in the n-th harmonic
flexural vibration mode becomes smaller than the equivalent
series resistance R, in the fundamental flexural vibration
mode, but by setting Q,, to be equal to or smaller than Q,, that
is, by setting the loss in the n-th harmonic flexural vibration
mode to be equal to or greater than the loss in the fundamental
flexural vibration mode, it is possible to more reliably sup-
press the increase of the value of the equivalent series resis-
tance R, in the fundamental flexural vibration mode, and to
set the equivalent series resistance R, in the n-th harmonic
flexural vibration mode to be greater than R, .

Application Example 4

In the resonator element of the application example of the
invention, it is preferable that, when a thermal relaxation
frequency is set as f,,, f,,>/f, is equal to or smaller than
0.05.

Accordingly, it is possible to obtain a resonator element
having a higher Q value in a heat insulating region (which will
be described later).

In addition, in the resonator element of the application
example of the invention, it is preferable that the resonator
element satisfies conditions shown by the following formula

@-

f (Ll )71 2

At

Q12 < Q1 I

Accordingly, it is possible to acquire a high Q value in the
fundamental flexural vibration mode, to set the equivalent
series resistance in the fundamental flexural vibration mode
to be smaller than equivalent series resistance in a second
harmonic flexural vibration mode, and to obtain a resonator
element which exhibits an excellent vibration property. Par-
ticularly, an oscillation false operation easily occurs as the
second harmonic flexural vibration mode is a harmonic flex-
ural vibration mode with a resonance frequency closest to that
of the fundamental flexural vibration mode, and therefore,
with the configuration described above, a concern about the
false operation of the oscillator with the resonator element
loaded thereon is decreased.
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In addition, in the resonator element of the invention, it is
preferable that the resonator element satisfies conditions
shown by the following formula (3).

Bl -t 3
Q3 < QIZ(L_S - 1)

Accordingly, it is possible to acquire a high Q value in the
fundamental flexural vibration mode, to set the equivalent
series resistance in the fundamental flexural vibration mode
to be smaller than the equivalent series resistance in a third
harmonic flexural vibration mode, and to obtain a resonator
element which exhibits an excellent vibration property. Par-
ticularly, an oscillation false operation easily occurs as the
third harmonic flexural vibration mode is a harmonic flexural
vibration mode with a resonance frequency close to that of the
fundamental flexural vibration mode, subsequent to the sec-
ond harmonic flexural vibration mode, and has small equiva-
lent series resistance thereof as the thermoelastic loss is
extremely small due to the resonance frequency which is
higher than that of the second harmonic flexural vibration
mode. Therefore, with the configuration described above, a
concern about the false operation of the oscillator with the
resonator element loaded thereon is decreased.

In addition, in the resonator element of the invention, it is
preferable that the resonator element is configured so as to
satisfy the conditions shown by formula (1) by setting at least
one of a storage elastic modulus of a material of a fixing
material for attaching the resonator element to a base sub-
strate, a loss elastic modulus of a material configuring the
fixing material, the number of disposed fixing materials, a
position of the fixing material with respect to the resonator
element, and a size of the fixing material with respect to the
resonator element.

Accordingly, it is possible to acquire a high Q value in the
fundamental flexural vibration mode, to set the equivalent
series resistance in the fundamental flexural vibration mode
to be smaller than equivalent series resistance in the n-th
harmonic flexural vibration mode (n is a natural number equal
to or larger than 2), and to obtain a resonator element which
exhibits an even more excellent vibration property in the
fundamental flexural vibration mode.

Application Example 5

In the resonator element of the application example of the
invention, it is preferable that the resonator element further
includes a support arm which is disposed between the pair of
vibrating arms in a plan view, and extends along the first
direction from the base portion, and the support arm is
attached to a base with a fixing material.

Accordingly, it is possible to effectively reduce the vibra-
tion leakage of the resonator element in the fundamental
flexural vibration mode.

Application Example 6

In the resonator element of the application example of the
invention, it is preferable that a groove is provided on at least
one of a pair of main surfaces of the vibrating arm which have
a front-rear relationship.

Accordingly, a great difference occurs between rigidity of
the vibrating arm and rigidity of the base portion, mass of the
base portion with respect to the vibrating arm is relatively
increased, and the flexural vibration of the vibrating arm is
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hardly transferred to the base portion, and therefore, it is
possible to more effectively reduce the vibration leakage of
the resonator element in the fundamental flexural vibration
mode.

Application Example 7

In the resonator element of the application example of the
invention, it is preferable that the vibrating arm includes a
weight portion, and an arm portion which is disposed between
the weight portion and the base portion in a plan view.

By containing the weight portion as described above, since
it is possible to expand the width of the arm portion (length in
the second direction) so as to constantly maintain the reso-
nance frequency in the fundamental flexural vibration mode
by an amount of increased weight of the vibrating arm on a
distal end side, and accordingly a flow path through which
heat generated in the arm portion at the time of the flexural
vibration becomes longer and it is possible to reduce the
thermoelastic loss of the resonator element.

Application Example 8

In the resonator element of the application example of the
invention, it is preferable that the weight portion includes a
wide width portion having a greater width along the second
direction than that of the arm portion.

By containing the wide width portion as described above,
since it is possible to expand the width of the arm portion
(length in the second direction) so as to constantly maintain
the resonance frequency in the fundamental flexural vibration
mode by an amount of increased weight of the vibrating arm
on the distal end side with the expanded width, and accord-
ingly the flow path through which heat generated in the arm
portion at the time of the flexural vibration becomes longer
and it is possible to reduce the thermoelastic loss of the
resonator element.

Application Example 9

This application example is directed to a resonator includ-
ing: the resonator element according to the application
example; and a base on which the resonator element is loaded.

Accordingly, it is possible to obtain a resonator having high
reliability.

Application Example 10

This application example is directed to an oscillator includ-
ing: the resonator element according to the application
example; and a circuit.

Accordingly, it is possible to obtain an oscillator having
high reliability.

Application Example 11

This application example is directed to an electronic device
including the resonator element according to the application
example of the invention.

Accordingly, it is possible to obtain an electronic device
having high reliability.

Application Example 12
This application example is directed to a moving object

including the resonator element according to the application
example of the invention.
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Accordingly, it is possible to obtain a moving object having
high reliability.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will be described with reference to the
accompanying drawings, wherein like numbers reference like
elements.

FIG. 1 is a plan view of a resonator according to a first
embodiment of the invention.

FIG. 2 is a cross-sectional view taken along line A-A of
FIG. 1.

FIGS. 3A and 3B are plan views illustrating principles of
vibration leakage reduction.

FIG. 4 is a cross-sectional view taken along line B-B of
FIG. 1.

FIG. 5 is a cross-sectional view of vibrating arms illustrat-
ing thermal conduction at the time of flexural vibration.

FIG. 6 is a graph showing a relationship between a Q value
and f/f,,.

FIGS. 7A and 7B are plan views showing a resonator
element shown in FIG. 1 and a resonator element used in a
simulation.

FIGS. 8A and 8B are perspective views showing a second
harmonic flexural vibration mode and a third harmonic flex-
ural vibration mode of a resonator element shown in FIG. 1.

FIG. 9 is a cross-sectional view showing a preferred
embodiment of an oscillator according to the invention.

FIG. 10 is a perspective view showing a configuration of a
mobile phone (including a PHS) to which an electronic device
including a resonator according to the invention is applied.

FIG. 11 is a perspective view showing a configuration of a
mobile-type (or note-type) personal computer to which an
electronic device including a resonator according to the
invention is applied.

FIG. 12 is a perspective view showing a configuration of a
digital still camera to which an electronic device including a
resonator according to the invention is applied.

FIG. 13 is a perspective view schematically showing a
vehicle as an example of a moving object according to the
invention.

DESCRIPTION OF EXEMPLARY
EMBODIMENTS

Hereinafter, preferred embodiments of a resonator, an
oscillator, an electronic device, and a moving object accord-
ing to the invention will be described with reference to the
accompanied drawings.

1. Resonator

First, the resonator according to the invention will be

described.

First Embodiment

FIG. 1 is a plan view of the resonator according to a first
embodiment of the invention, FIG. 2 is a cross-sectional view
taken along line A-A of FIG. 1, FIGS. 3A and 3B are plan
views illustrating principles of vibration leakage reduction,
FIG. 4 is a cross-sectional view taken along line B-B of FIG.
1, FIG. 5 is a cross-sectional view of vibrating arms illustrat-
ing thermal conduction at the time of flexural vibration, FIG.
6 is a graph showing a relationship between a Q value and
f/f,,, FIGS. 7A and 7B are plan views showing a resonator
element shown in FIG. 1 and a resonator element used in a
simulation, and FIGS. 8 A and 8B are perspective views show-
ing a second harmonic flexural vibration mode and a third
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harmonic flexural vibration mode of the resonator element
shown in FIG. 1. Hereinafter, for convenience of description,
as shown in FIG. 1, three axes orthogonal to each other are set
as an X axis (an electrical axis of quartz crystal), a Y axis (a
mechanical axis of quartz crystal), and a Z axis (an optical
axis of quartz crystal), and n is set as a natural number equal
to or larger than 2, if not otherwise specified.

A resonator 1 shown in FIG. 1 and FIG. 2 includes a
resonator element 2, and a package 9 for accommodating the
resonator element 2. Hereinafter, the resonator element 2 and
the package 9 will be described in detail.

Package

The package 9 includes a box-shaped base 91 including a
recess 911 opened to an upper surface, and a plate-shaped lid
92 which is bonded to the base 91 so as to cover the opening
of'the recess 911. Such a package 9 includes an accommoda-
tion space formed by covering the recess 911 with the lid 92,
and the resonator element 2 is air-tightly accommodated in
the accommodation space. On a support arm 71, the resonator
element 2 is attached to a bottom surface of the recess 911
through conductive adhesives 11 as a fixing material obtained
by mixing a conductive filler to epoxy, acrylic, polyimide,
bismuth-raid, polyester, polyurethane, and silicon resins, for
example. A Young’s modulus of the conductive adhesives 11
is preferably from 50 MPa to 6000 MPa and more preferably
from 100 MPa to 5000 MPa. As will be described later, a
material configuring the resonator element 2 is a material
which is sufficiently harder than the conductive adhesives 11,
and accordingly by setting an upper limit of the Young’s
modulus as described above, vibration in an n-th harmonic
mode reaching an interface between the support arm 71 and
the conductive adhesives 11 is hardly reflected by the con-
ductive adhesives 11 and the vibration is considerably leaked
to the outside as vibration leakage. With respect to this, in a
fundamental flexural vibration mode, the vibration reaching
the interface between the support arm 71 and the conductive
adhesives 11 is extremely small and accordingly the vibration
leakage is also extremely small, with an effect of offset of the
vibration of a base portion 4 which will be described later. As
a result, since it is possible to intentionally degrade only a Q
value in the n-th flexural vibration mode without degrading a
Q value in the fundamental flexural vibration mode, it is
possible to set a value of equivalent series resistance R, in the
n-th harmonic flexural vibration mode to be sufficiently
greater than a value of equivalent series resistance R, in the
fundamental flexural vibration mode. In addition, if the
Young’s modulus is excessively small, the conductive adhe-
sives 11 may be considerably deformed when impact is
applied to the resonator 1 from the outside, hammerheads 59
and 69 formed on a distal end of the resonator element 2 in a
positive Y axis direction may be broken due to collision with
the base 91 or the lid 92, and a resonance frequency in the
fundamental flexural vibration mode may be increased, and
accordingly, by setting a lower limit of the Young’s modulus
as described above, it is possible to obtain the stabilized
resonator 1 in which the resonance frequency in the funda-
mental flexural vibration mode hardly changes even when the
impact is applied to the resonator 1 from the outside.

Herein, it has been described that the resonator element 2 is
fixed to the bottom surface of the recess 911 through the
conductive adhesives 11 as an example, on the support arm
71, but it is not limited thereto, and the same effect is obtained
even when the resonator element is fixed thereto through a
non-conductive adhesive instead of one of the two conductive
adhesives 11 or both of them. In addition, the resonator ele-
ment may be fixed thereto through a metallic material such as
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8

Au having higher dimension accuracy at the time of shape
forming as a fixing unit compared to that of the conductive
adhesive.

The accommodation space may be in a reduced pressure
(preferably vacuum) state, or may be filled with inert gas such
as nitrogen, helium, argon, or the like in a sealing manner.
Accordingly, a vibration property of the resonator element 2
is improved.

A configuration material of the base 91 is not particularly
limited, but various ceramics such as aluminum oxide or the
like can be used. A configuration material of the 1id 92 is not
particularly limited, but a member having a similar linear
expansion coefficient to that of the configuration material of
the base 91 is preferably used. For example, in a case where
the configuration material of the base 91 is set as the ceramics
described above, an alloy such as Kovar is preferably used.
The bonding of the base 91 and the lid 92 is not particularly
limited, and the base and the lid may be bonded to each other
through the adhesive or may be bonded to each other by seam
welding or the like, for example.

Connection terminals 951 and 961 are formed on the bot-
tom surface of the recess 911 of the base 91. Although not
shown, a first driving electrode 84 of the resonator element 2
is extracted to the middle of the support arm 71 ina'Y axis
direction, and the conductive adhesive 11 is electrically con-
nected to the connection terminal 951 at that portion. In the
same manner as described above, although not shown, a sec-
ond driving electrode 85 of the resonator element 2 is
extracted to the middle of the support arm 71 in the Y axis
direction, and is electrically connected to the connection ter-
minal 961 at that portion through the conductive adhesive 11.

The connection terminal 951 is electrically connected to an
external terminal 953 formed on the bottom surface of the
base 91 through a penetration electrode 952 which penetrates
the base 91, and the connection terminal 961 is electrically
connected to an external terminal 963 formed on the bottom
surface of the base 91 through a penetration electrode 962
which penetrates the base 91.

The configurations of the connection terminals 951 and
961, the penetration electrodes 952 and 962, and the external
terminals 953 and 963 are not particularly limited, as long as
they have conductivity, and they may be configured with a
metal coating film obtained by laminating each coating film
such as Ni (nickel), Au (gold), Ag (silver), or Cu (copper) to
a metalized layer (base layer) such as Cr (chrome) or W
(tungsten).

Resonator Element 2

As shown in FIG. 1, FIG. 2, and FIG. 4, the resonator
element 2 includes a quartz crystal substrate 3, and the first
and second driving electrodes 84 and 85 formed on the quartz
crystal substrate 3. In FIG. 1 and FIG. 2, for convenience of
description, the first and second driving electrodes 84 and 85
are not shown.

The quartz crystal substrate 3 is configured with a Z-cut
quartz crystal plate. Accordingly, the resonator element 2 can
exhibit an excellent vibration property. The Z-cut quartz crys-
tal plate is a quartz crystal substrate having the Z axis as a
thickness direction. The Z axis preferably coincides with the
thickness direction of the quartz crystal substrate 3, but may
be slightly inclined with respect to the thickness direction
from a viewpoint of reduction in change of a frequency tem-
perature close to room temperature.

That is, in a case where an inclination angle is set as 0
degrees (-5 degrees=0<15 degrees), the quartz crystal sub-
strate 3 is configured so that, when an axis obtained by inclin-
ing the Z axis by 6 degrees so as to rotate the positive Z side
in the negative Y direction of the Y axis is set as a Z' axis, and
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an axis obtained by inclining the Y axis by 6 degrees so as to
rotate the positive Y side in the positive Z direction of the Z
axis is set as a Y' axis, by using the X axis of an orthogonal
coordinate system configured with the X axis as the electrical
axis of the quartz crystal, the Y axis as the mechanical axis,
and the Z axis as the optical axis, as a rotation axis, a direction
along the 7' axis is set as a thickness direction, and a surface
including the X axis and the Y' axis is set as a main surface.

As shown in FIG. 1, the quartz crystal substrate 3 includes
the base portion 4, a pair of vibrating arms 5 and 6 which
extend from the base portion 4 on a distal end (first end
portion) side of the base portion 4, and the support arm
(support portion) 71 which extends from the base portion 4 to
the same direction as the vibrating arms 5 and 6 between the
vibrating arms. Accordingly, the base portion 4, the vibrating
arms 5 and 6, and the support arm 71 are integrally formed.

The base portion 4 has an expanse in an XY plane and has
a plate shape having a thickness in the Z axis direction. The
base portion 4 includes a portion (main body portion 41) for
supporting and connecting the vibrating arms 5 and 6, and a
reduced width portion 42 for reducing the vibration leakage.

The reduced width portion 42 is provided on the proximal
end (second end portion) side of the main body portion 41,
that is, on a side opposite a side in which the vibrating arms 5
and 6 extend. The width (length in the X axis direction) of the
reduced width portion 42 gradually decreases as being sepa-
rated from the vibrating arms 5 and 6, that is, from the center
(XY plane center of the main body portion 41) of the base
portion 4, along a center line C1 between the vibrating arms
5 and 6, and an outline (edge portion) thereof has an arch
shape (circular arc shape). By including the reduced width
portion 42, it is possible to effectively suppress the vibration
leakage of the resonator element 2.

The configuration will be described in detail as follows. For
convenience of description, the shape of the resonator ele-
ment 2 is symmetrical with respect to a predetermined axis
(center line C1) which is parallel with the Y axis.

First, as shown in FIG. 3A, a case in which the reduced
width portion 42 is not provided will be described. In a case
where the vibrating arms 5 and 6 are subjected to bending
deformation substantially in the XY plane so as to be sepa-
rated from each other, in a portion of the main body portion 41
to which the vibrating arm 5 is connected, displacement
which is nearly clockwise rotation movement occurs as
shown by an arrow, and in a portion of the main body portion
41 to which the vibrating arm 6 is connected, displacement
which is nearly counter clockwise rotation movement occurs
as shown by an arrow (herein, it is not strictly movement
which can be stated as the rotation movement, and therefore
it is conveniently described as “nearly rotation movement”).

Since components of the displacement in the X axis direc-
tion face directions opposite each other, offset is performed in
the center of the main body portion 41 in the X axis direction,
and the displacement in the positive Y axis direction remains
(herein, strictly the displacement in the Z axis direction also
remains, but it is omitted herein). That is, the main body
portion 41 is subjected to the bending deformation so that the
center portion in the X axis direction displaces in the positive
Y axis direction. When the adhesive is formed on the center
portion in the Y axis direction of the main body portion 41
having the displacement in the positive Y axis direction, and
the main body portion is fixed to the package through the
adhesive, elastic energy accompanied with the displacement
inthe positive Y axis direction leaks to the outside through the
adhesive. This loss is called vibration leakage and causes
degradation of a Q value, and this results in degradation of a
CI value.
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With respect to this, as shown in FIG. 3B, in a case where
the reduced width portion 42 is provided, the reduced width
portion 42 has the arch-shaped (curved) outline, and accord-
ingly, the displacements close to the rotation movement
described above are supported by each other in the reduced
width portion 42. That is, in the center portion of the reduced
width portion 42 in the X axis direction, the displacement in
the X axis direction is offset as in the same manner as the
center portion of the main body portion 41 in the X axis
direction, and the displacement in the Y axis direction is
suppressed. In addition, since the outline of the reduced width
portion 42 is an arch shape, the displacement in the positive Y
axis direction which tends to occur in the main body portion
41, is also suppressed. As a result, the displacement of the
center portion of the base portion 4 in the X axis direction, in
the positive Y axis direction in a case where the reduced width
portion 42 is provided, is much more decreased compared to
a case where the reduced width portion 42 is not provided.
That is, it is possible to obtain the resonator element having
reduced vibration leakage.

Herein, the outline of the reduced width portion 42 has an
arch shape, but the outline thereof is not limited thereto as
long as the operation described above is realized. For
example, a reduced width portion formed to have a level
difference (step shape) with a plurality of linear lines may be
used as the outline thereof, and a reduced width portion
formed to have a mountain shape (triangular shape) or a
circular arc shape with two or more linear lines may be used
as the outline thereof.

The vibrating arms 5 and 6 are arranged in the X axis
direction (second direction), and extend in the Y axis direc-
tion (first direction) from the distal end of the base portion 4
s0 as to be parallel with each other. Each of the vibrating arms
5 and 6 has a longitudinal shape, and a proximal end thereof
is a fixed end and a distal end thereof is a free end. The
vibrating arms 5 and 6 respectively include arm portions 51
and 61, and hammerheads (wide width portions which have a
greater length along the X axis direction than the arm portions
51 and 61) 59 and 69 which are provided on the distal end of
the arm portions 51 and 61 (side opposite the base portion 4),
as weight portions having an approximately rectangular
shape in an XY plan view.

The hammerheads 59 and 69 as the weight portions are the
wide width portions having a greater length along the X axis
direction than the arm portions 51 and 61, but it is not limited
thereto as long as the mass density per unit length is set to be
greater than that of the arm portions 51 and 61. For example,
the weight portions may have configurations in which a
length thereof is set to be the same as the length of the arm
portions 51 and 61 in the X axis direction and a thickness
thereof in the Z axis direction is set to be greater than that of
the arm portions. In addition, the weight portions may be
configured by providing metal such as Au or the like to be
thick on surfaces of the arm portions 51 and 61 which are the
weight portions. Further, the weight portions may be config-
ured with a material having higher mass density than that of
the arm portions 51 and 61.

As shown in FIG. 4, the arm portion 51 includes a pair of
main surfaces 511 and 512 which are configured by the XY
plane, and a pair of side surfaces 513 and 514 which are
configured by the YZ plane and connect the pair of main
surfaces 511 and 512 to each other. The arm portion 51
includes a bottomed groove 52 opened to the main surface
511 and a bottomed groove 53 opened to the main surface
512. Each of the grooves 52 and 53 extends in the Y axis
direction, the distal end thereof is positioned on a boundary
portion between the arm portion 51 and the hammerhead 59,
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and the proximal end thereof is positioned on the base portion
4. In a portion in which the grooves 52 and 53 are formed, the
arm portion 51 has an approximately H type transverse cross-
sectioned shape.

As described above, by forming the grooves 52 and 53 on
the vibrating arm 5, it is possible to realize the reduction in the
thermoelastic loss and to exhibit the excellent vibration prop-
erty (which will be described later). The length of the grooves
52 and 53 is not limited, and each distal end of the grooves 52
and 53 may be positioned on the boundary portion between
the arm portion 51 and the hammerhead 59 as described in the
embodiment, but if each distal end of the grooves 52 and 53 is
configured to extend to the hammerhead 59, stress concen-
tration occurring in the vicinity of each distal end of the
grooves 52 and 53 is relaxed, and therefore a concern about
folding or cracks occurring when the impact is applied thereto
is reduced. Alternatively, if each distal end of the grooves 52
and 53 is configured to be positioned on the base portion side
with respect to the position of the embodiment, stress con-
centration occurring in the vicinity of the boundary between
the arm portion 51 and the hammerhead 59 is relaxed, and
therefore a concern about folding or cracks occurring when
the impact is applied thereto is reduced. In addition, since
each proximal end of the grooves 52 and 53 extends to the
base portion 4, the stress concentration occurring in the vicin-
ity of the boundary therebetween is relaxed. Therefore, a
concern about folding or cracks occurring when the impact is
applied thereto is reduced. Alternatively, if each proximal end
of'the grooves 52 and 53 is configured to be positioned in the
Y axis direction (direction in which the vibrating arm 5
extends) with respect to the boundary between the base por-
tion 4 and the arm portion 51, stress concentration occurring
in the vicinity of the boundary between the base portion 4 and
the arm portion 51 is relaxed, and therefore a concern about
folding or cracks occurring when the impact is applied thereto
is reduced.

In addition, it is preferable that the grooves 52 and 53 are
formed by adjusting the position of the grooves 52 and 53 in
the X axis direction with respect to the position of the vibrat-
ing arm 5, so that across section gravity center of the vibrating
arm 5 coincides with a center of a cross-sectioned shape of the
vibrating arm 5. With this configuration, unnecessary vibra-
tion of the vibrating arm 5 (in detail, inclination vibration
including component in an out-of-plane direction) is reduced,
and accordingly it is possible to reduce the vibration leakage.
In this case, the driving of unnecessary vibration is also
reduced, and accordingly it is possible to relatively increase a
driving region to set the CI value small.

In addition, it is preferable to slightly shift the center of the
hammerhead 59 in the X axis direction from the center of the
vibrating arm 5 in the X axis direction. With this configura-
tion, it is possible to reduce the vibration of the base portion
4 in the Z axis direction which occurs due to a twist of the
vibrating arm 5 at the time of the flexural vibration, and
accordingly it is possible to suppress the vibration leakage.

Hereinabove, the vibrating arm 5 has been described. The
vibrating arm 6 has the same configuration as that of the
vibrating arm 5. That is, the arm portion 61 includes a pair of
main surfaces 611 and 612 which are configured by the XY
plane, and a pair of side surfaces 613 and 614 which are
configured by the YZ plane and connect the pair of main
surfaces 611 and 612 to each other. The arm portion 61
includes a bottomed groove 62 opened to the main surface
611 and a bottomed groove 63 opened to the main surface
612. Each of the grooves 62 and 63 extends in the Y axis
direction, the distal end thereof is positioned on a boundary
portion between the arm portion 61 and the hammerhead 69,
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and the proximal end thereof is positioned on the base portion
4. In a portion in which the grooves 62 and 63 are formed, the
arm portion 61 has an approximately H type transverse cross-
sectioned shape.

In addition, it is preferable to slightly shift a center of the
hammerhead 69 in the X axis direction from a center of the
vibrating arm 6 in the X axis direction. With this configura-
tion, it is possible to reduce the vibration of the base portion
4 in the Z axis direction which occurs due to a twist of the
vibrating arm 6 at the time of the flexural vibration, and
accordingly it is possible to suppress the vibration leakage.

As shown in FIG. 4, in the vibrating arm 5, a pair of first
driving electrodes 84 and a pair of second driving electrodes
85 are formed. In detail, one of the pair of first driving elec-
trodes 84 is formed on an inner surface (side surface) of the
groove 52, and the other one is formed on an inner surface
(side surface) of the groove 53. In addition, one of the pair of
second driving electrodes 85 is formed on the side surface
513, and the other one is formed on the side surface 514. Inthe
same manner as described above, in the vibrating arm 6 as
well, the pair of first driving electrodes 84 and the pair of
second driving electrodes 85 are formed. In detail, one of the
pair of first driving electrodes 84 is formed on the side surface
613, and the other one is formed on the side surface 614. In
addition, one of the pair of second driving electrodes 85 is
formed on an inner surface (side surface) of the groove 62,
and the other one is formed on an inner surface (side surface)
of the groove 63.

If alternating voltage is applied between the first and sec-
ond driving electrodes 84 and 85, the vibrating arms 5 and 6
vibrate at a predetermined frequency in the in-plane direction
(XY plan direction) so as to alternately repeat between
approach and separation from each other along the X axis
direction (second direction).

The configuration of the first and second driving electrodes
84 and 85 is not particularly limited, and the first and second
driving electrodes can be formed with metallic materials such
as gold (Au), gold alloy, platinum (Pt), aluminum (Al), alu-
minum alloy, silver (Ag), silver alloy, chrome (Cr), chrome
alloy, nickel (Ni), nickel alloy, copper (Cu), molybdenum
(Mo), niobium (Nb), tungsten (W), iron (Fe), titanium (T1),
cobalt (Co), zinc (Zn), zirconium (Zr), and the like, and
conductive material such as indium tin oxide (ITO).

As the specific configuration of the first and second driving
electrodes 84 and 85, the driving electrodes can be configured
by forming an Au layer having a length of 700 A or less on a
Cr layer having a length of 700 A or less, for example.
Particularly, since the thermoelastic loss of Cr or Au is great,
the length of the Cr layer and the Au layer is preferably set to
be 200 A or less. In a case of increasing insulation breakdown
resistance, the length of the Cr layer and the Au layer is
preferably set to be 1000 A or more. In addition, since Ni has
a thermal expansion coefficient close to that of the quartz
crystal, by setting a Ni layer as a base instead of the Cr layer,
it is possible to reduce thermal stress originated from the
electrodes and to obtain the resonator element 2 having excel-
lent long-term reliability (aging property).

As described above, in the resonator element 2, by forming
the grooves 52, 53, 62, and 63 on the vibrating arms 5 and 6,
the thermoelastic loss is reduced. Hereinafter, the configura-
tion thereof will be described in detail using the vibrating arm
5 as an example.

As described above, the vibrating arm 5 is subjected to the
flexural vibration in the in-plane direction by applying the
alternating voltage between the first and second driving elec-
trodes 84 and 85. As shown in FIG. 5, at the time of the
flexural vibration, ifthe side surface 513 of the arm portion 51
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contracts, the side surface 514 expands, and conversely if the
side surface 513 expands, the side surface 514 contracts. Ina
case where a Gough-Joule effect does not occur in the vibrat-
ing arm 5 (energy elasticity is dominant over entropy elastic-
ity), a temperature of the contracting side surface increases
and a temperature of the expanding side surface decreases
among the side surfaces 513 and 514, and accordingly, a
difference in temperatures occurs between the side surface
513 and the side surface 514, that is, inside the arm portion 51.
A loss in vibration energy occurs by the thermal conduction
occurring from such a difference in temperatures, and accord-
ingly the Q value of the resonator element 2 decreases. A loss
in energy accompanied with the decrease of the Q value is
called the thermoelastic loss.

In the resonator element which vibrates in the flexural
vibration mode which is the configuration of the resonator
element 2, when a flexural vibration frequency (mechanical
flexural vibration frequency) f of the vibrating arm 5 changes,
the Q value becomes a minimum value when the flexural
vibration frequency of the vibrating arm 5 coincides with a
thermal relaxation frequency f,,. The thermal relaxation fre-
quency f,, can be acquired by an equation of f,=1/(2mr)
(herein, in the equation, when 7 is a circular constant and e is
set as a mathematical constant, T is relaxation time necessary
for setting the difference in temperatures to be ¢™* times by
the thermal conduction).

If the thermal relaxation frequency when the vibrating arm
5 is assumed to have a flat plate structure (structure with a
rectangular cross-sectioned shape) is set as f,,, f,,, can be
acquired by the following formula.

Sono=nk/(2pCpa’) Q)

7 is a circular constant, k is thermal conductivity of the
vibrating arm 5 in a vibration direction, p is mass density of
the vibrating arm 5, Cp is thermal capacity of the vibrating
arm 5, and a is a width (effective width) of the vibrating arm
5 in the vibration direction. In a case where constant numbers
of the material (that is, quartz crystal) of the vibrating arm 5
are input to the thermal conductivity k, the mass density p,
and the thermal capacity Cp of formula (1), the thermal relax-
ation frequency f,,, to be acquired is a value in a case where
the grooves 52 and 53 are not provided on the vibrating arm 5.

In the vibrating arm 5, the grooves 52 and 53 are formed so
as to be positioned between the side surfaces 513 and 514.
Accordingly, a thermal movement path for performing tem-
perature balancing by the thermal conduction with respect to
the difference in temperatures between the side surfaces 513
and 514 which occurs at the time of the flexural vibration of
the vibrating arm 5, is formed so as to make a detour around
the grooves 52 and 53, and the thermal movement path is set
to be longer than a linear distance (shortest distance) between
the side surfaces 513 and 514. Thus, the relaxation time T
becomes longer compared to the case in which the grooves 52
and 53 are not provided on the vibrating arm 5, and the
thermal relaxation frequency f,, becomes low.

FIG. 6 is a graph showing f/f,, relativity of the Q value of
the resonator element in the flexural vibration mode. In the
graph, a curved line F1 shown by a dotted line indicates a case
in which the grooves are formed on the vibrating arm as the
resonator element 2 (a case in which the transverse cross-
sectioned shape of the vibrating arm is H shape), and a curved
line F2 shown by a solid line indicates a case in which the
grooves are not formed on the vibrating arm (a case in which
the transverse cross-sectioned shape of the connection arm is
a rectangle). As shown in the graph, the shapes of the curved
lines F1 and F2 are not different from each other, but the
curved line F1 is shifted in a frequency decreasing direction
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with respect to the curved line F2, with the decrease of the
thermal relaxation frequency f,, as described above. Accord-
ingly, if the thermal relaxation frequency in a case where the
grooves are formed on the vibrating arm as in the resonator
element 2 is set as f,,,, by satisfying the following formula
(5), the Q value of the resonator element in which the grooves
are formed on the vibrating arm is constantly higher than the
Q value of the resonator element in which the grooves are not
formed on the vibrating arm.

PNV 1 ®

In addition, if the relationship is limited to f/f,,,>1, it is
possible to obtain a higher Q value.

In FIG. 6, a region of f/f, <1 is also called an isothermal
region, and in this isothermal region, the Q value increases as
f/f,, decreases. This is because the difference in temperature
in the vibrating arm described above hardly occurs as the
mechanical frequency of the vibrating arm decreases (vibra-
tion of the vibrating arm becomes slow). Accordingly, in an
extreme limit when f/f,, is set to be close to 0 (zero), an
isothermal quasi-static manipulation is performed, and the
thermoelastic loss illimitably approaches O (zero). On the
other hand, a region of /f,>1 is also called a heat insulating
region, and in this heat insulating region, the Q value
increases as f/f,, increases. This is because switching of the
temperature increase and the temperature effect of each side
surface becomes rapid as the mechanical frequency of the
vibrating arm increases, and the time in which the thermal
conduction as described above is removed. Accordingly, in an
extreme limit when f/f,, is illimitably set to be great, a heat
insulating manipulation is performed, and the thermoelastic
loss illimitably approaches O (zero). Thus, satistying the rela-
tionship of f/f >1 can be said that f/f , is in the heat insulating
region.

Since the configuration material (metal material) of the
first and second driving electrodes 84 and 85 has high thermal
conductivity compared to the quartz crystal which is the
configuration material of the vibrating arms 5 and 6, in the
vibrating arm 5, heat conduction through the first driving
electrodes 84 is actively performed, and in the vibrating arm
6, heat conduction through the second driving electrodes 85 is
actively performed. If the heat conduction through the first
and second driving electrodes 84 and 85 is actively per-
formed, the relaxation time t is reduced. Herein, it is prefer-
able to prevent or suppress occurrence of the heat conduction
described above, by dividing the first driving electrodes 84
into the side surface 513 side and the side surface 514 side on
bottom surfaces of the grooves 52 and 53 in the vibrating arm
5, and dividing the second driving electrodes 85 into the side
surface 613 side and the side surface 614 side on bottom
surfaces of the grooves 62 and 63 in the vibrating arm 6. As a
result, the reduction of the relaxation time T is prevented and
the resonator element 2 having a higher Q value is obtained.

Next, a relationship between the entire length of the vibrat-
ing arms 5 and 6, and the length and width of the hammer-
heads 59 and 69 will be described. Since the vibrating arms 5
and 6 have the same configuration as each other, hereinafter,
the vibrating arm 5 will be described as a representative, and
the description of the vibrating arm 6 will be omitted.

As shown in FIG. 1, when the entire length of the vibrating
arm 5 (length in the Y axis direction) is set as L. [um] and the
length of the hammerhead 59 (length in the Y axis direction)
is set as H [um], it is preferable that the vibrating arm 5
satisfies a relationship of 0.012<H/.<0.3, and it is more pref-
erable that the vibrating arm satisfies a relationship of
0.046<H/1.<0.223. By satisfying the relationship described
above, the equivalent series resistance R, of the resonator



US 9,088,264 B2

15

element 2 in the fundamental flexural vibration mode is sup-
pressed to be low, and accordingly the resonator element 2
with small vibration loss and an excellent vibration property
is obtained.

Herein, in the embodiment, the proximal end of the vibrat-
ing arm 5 is set in a portion which is positioned in the center
of the width of the vibrating arm 5 (length in the X axis
direction) of a line segment connecting a portion in which the
side surface 514 is connected to the base portion 4 and a
portion in which the side surface 513 is connected to the base
portion 4. A free end portion of the arm portion 51 has a
tapered shape in which the width gradually increases towards
the free end side, but in a case where the arm portion 51
includes a portion in which the width of the tapered portion
(length in the X axis direction) is 1.5 times or more of the
width of the arm portion 51 (length in the X axis direction),
this portion is also contained in the length H of the hammer-
head 59.

When the width of the arm portion 51 (length in the X axis
direction) is set as W1 [um] and the width of the hammerhead
59 (length in the X axis direction) is set as W2 [um], it is
preferable that the vibrating arm 5 satisfies a relationship of
1.5=W2/W1<10.0 and it is more preferable that the vibrating
arm satisfies a relationship of 1.6=W2/W1<7.0. By satisfying
the relationship described above, it is possible to secure the
wide width of the hammerhead 59. Accordingly, although the
length H of the hammerhead 59 is relatively small as
described above (less than 30% of L), it is possible to suffi-
ciently exhibit a mass effect by the hammerhead 59. There-
fore, by satisfying the relationship of 1.5=W2/W1<10.0, it is
possible to suppress the entire length L of'the vibrating arm 5
and to realize the miniaturization of the resonator element 2.

As described above, in the vibrating arm 5, by satistying
the relationship of 0.012<H/[.<0.3 and the relationship of
1.5=W2/W1=10.0, the miniaturized resonator element 2 with
a sufficiently suppressed CI value is obtained by a synergetic
effect of the two relationships.

By setting the L. to be equal to or smaller than 2 mm,
preferably equal to or smaller than 1 mm, it is possible to
obtain the miniaturized resonator element 2 which is used in
an oscillator to be loaded on a portable musical instrument or
an IC card. In addition, by setting the W1 to be equal to or
smaller than 100 um, preferably equal to or smaller than it is
possible to obtain the resonator element 2 which is used in an
oscillation circuit for realizing low power consumption and to
resonate at a low frequency, even in the range of the L.

In the heat insulating region, in a case where the vibrating
arm extends in the Y axis direction by the Z-cut quartz crystal
plate and is subjected to the flexural vibration in the X axis
direction, W1 is preferably equal to or greater than 12.8 pm,
in a case where the vibrating arm extends in the X axis
direction by the Z-cut quartz crystal plate and is subjected to
the flexural vibration in the Y axis direction, W1 is preferably
equal to or greater than 14.4 um, and in a case where the
vibrating arm extends in the Y axis direction by the X-cut
quartz crystal plate and is subjected to the flexural vibration in
the 7 axis direction, W1 is preferably equal to or greater than
15.9 um. With this configuration, since it is possible to reli-
ably have the heat insulating region, the thermoelastic loss
decreases by the formation of the grooves 52 and 53 to
improve the Q value, and the driving is performed in the
region in which the grooves 52 and 53 are formed, and thus
the CI value (in which a electric-field effect is high and a
driving area is obtained) becomes low.

The support arm 71 which extends from the base portion 4
(main body portion 41) along the center line C1 (Y axis
direction) is provided between the pair of vibrating arms 5
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and 6 (arm portions 51 and 61) described above. The support
arm 71 has an approximately rectangular shape in the XY
plan view, and the resonator element 2 is fixed to the package
9 through the conductive adhesives 11 and 11 on the support
arm 71, as shown in FIG. 1 and FIG. 2. With the configuration
described above, it is possible to more effectively reduce the
vibration leakage of the resonator element 2.

In addition, the support arm 71 includes a narrowed portion
711 having a decreased length (width) along the X axis direc-
tion, in the vicinity of a boundary portion with the base
portion 4 thereof. Accordingly, it is possible to separate a
resonance frequency in an X common mode in which the
vibrating arms 5 and 6 are subjected to the flexural vibration
in the same direction in the approximately XY plane, from a
resonance frequency in the fundamental flexural vibration
mode in which the vibrating arms 5 and 6 are subjected to the
flexural vibration so as to approach and separate from each
other in the approximately XY plane. As a result, a concern
about joining of the fundamental flexural vibration mode and
the X common mode is decreased, and when performing the
flexural vibration of the resonator element 2 in the fundamen-
tal flexural vibration mode, the vibration in which a vibration
mode included in the X common mode is overlapped hardly
occurs, and it is possible to reduce the vibration leakage. The
narrowed portion 711 is not limited to the shape as shown in
FIG. 1, and a region with the narrow width (length in the X
axis direction) with respect to the support arm 71 may include
a portion extended in the Y axis direction. Particularly, when
aminimum width of the narrowed portion 711 is from 20% to
50% with respect to an average width of the region except for
the narrowed portion of the support arm 71, and the length of
the narrowed portion 711 (length in the Y axis direction) is set
as L, the length of the support arm 71 is set as L, and the
length of the arm portion 51 is set as L,, it is desirable to
satisfy a relationship of 0.1<L/L,=<0.9 and L, <L,. With this
configuration, since it is possible to sufficiently separate the
resonance frequency in the X common mode from the reso-
nance frequency in the fundamental flexural vibration mode,
as a result it is possible to sufficiently reduce the vibration
leakage in the fundamental flexural vibration mode.

The resonator element 2 can be obtained by processing the
quartz crystal substrate, for example, with any of a wet etch-
ing method such as alkali wet etching and a dry etching
method such as laser beam etching or reactive gas etching, or
with a combination of the plurality of methods, but it is
particularly preferable to obtain the resonator element by the
processing performed with the wet etching method. Accord-
ing to the wet etching method, it is possible to process the
quartz crystal substrate with excellent precision with a simple
device.

In addition, the quartz crystal substrate 3 has been
described as the Z-cut quartz crystal substrate, but it is not
limited thereto in the invention. As the substrate used for
forming the resonator element 2, for example, it is possible to
use a substrate configured using Lithium niobate (LiNbO3),
lithium tantalate (LiTaO3), Lithium tetraborate (1.i2b407),
potassium niobate (KNbO3), gallium phosphate (GaPO4),
langasite crystal (La3Ga5Si014), gallium arsenide (GaAs),
aluminum nitride (AIN), zinc oxide (ZnO, Zn203), barium
titanate (BaTi03), lead titanate (PbPO3), lead zirconate titan-
ate (PZT), or silicon (Si) as a main material.

In addition, it is possible to form the resonator element
using a material other than the piezoelectric material. For
example, it is possible to form the resonator element using a
silicon semiconductor material. The vibration (driving)
method of'the resonator element is not limited to piezoelectric
driving. Other than the piezoelectric driving type using a



US 9,088,264 B2

17

piezoelectric substrate, it is possible to exhibit the configura-
tion and the effect of the invention even with the resonator
element which is an electrostatic driving type using an elec-
trostatic force or a Lorentz driving type using a magnetic
force. In the specification or the drawings, the word which is
disclosed with different words having wider definition or the
same definition at least once, can be replaced with the differ-
ent words in any parts of the specification or the drawings.
The resonator element 2 described above is configured so
as to satisfy the conditions shown by the following formula

(D.

M

Qrn < Qi fn(ﬂ - 1)71

ML,

In the formula (1), Q,,, represents a Q value acquired by
considering only the vibration leakage in an n-th harmonic
flexural vibration mode, Q, represents a Q value in the fun-
damental flexural vibration mode, L, represents equivalent
inductance in the n-th harmonic flexural vibration mode, L,
represents equivalent inductance in the fundamental flexural
vibration mode, f, represents a resonance frequency in the
n-th harmonic flexural vibration mode, and f; represents a
resonance frequency in the fundamental flexural vibration
mode.

By designing the resonator element 2 to satisfy the formula
(1), it is possible to suppress the increase of the equivalent
series resistance R, in the fundamental flexural vibration
mode, and to set a value of equivalent series resistance R, in
the n-th harmonic flexural vibration mode to be greater than
the value of the equivalent series resistance R in the funda-
mental flexural vibration mode. Accordingly, it is possible to
suppress vibration of the resonator element 2 in the n-th
harmonic flexural vibration mode, and thus, it is possible to
obtain the resonator 1 which exhibits an excellent vibration
property, and a concern of a false operation in which an
oscillator with this resonator loaded thereon oscillates at a
resonance frequency in the n-th harmonic flexural vibration
mode, is reduced.

Herein, the resonator element 2 satisfying the conditions
shown by the formula (1) can be obtained by setting at least
one of a storage elastic modulus of a configuration material of
a fixing portion (conductive adhesive 11), a loss elastic modu-
lus of the configuration material of the fixing portion (con-
ductive adhesive 11), the number of disposed fixing portions,
a position of the fixing portion with respect to the resonator
element 2, and a size of the fixing portion with respect to the
resonator element 2.

Hereinafter, a calculation method of the formula (1) will be
described.

In the control of the CI value by the vibration leakage, the
equivalent series resistance R,, in the n-th harmonic flexural
vibration mode can be represented by the following formula

(6).

1 ©

Rg= ——
B 0.Ci0,

In the formula (6), w,, represents an angular frequency in
the n-th harmonic flexural vibration mode, C, represents
equivalent capacitance in the n-th harmonic flexural vibration
mode, Q, represents the Q value in the n-th harmonic flexural
vibration mode.
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In addition, the Q value (Q,,) in the n-th harmonic flexural
vibration mode can be presented by the following formula (7)
using the Q;,, and a Q value (Q,) acquired by considering
only the thermoelastic loss in the n-th harmonic flexural
vibration mode (herein, viscosity resistance of air or the other
loss is set to be sufficiently small).

0,720+ M

If 1 is used instead of n in the formula (6) and the formula
(7), a relational expression in the fundamental flexural vibra-
tion mode is obtained.

Herein, in the invention, it is necessary to set the equivalent
series resistance R in the n-th harmonic flexural vibration
mode with respect to the equivalent series resistance R, in the
fundamental flexural vibration mode to be greater than 1. That
is, by designing, so as to satisfy the following formula (8), it
is necessary to reduce a concern of a false operation in which
the oscillator with the resonator according to the invention
loaded thereon oscillates at a resonance frequency in the n-th
harmonic flexural vibration mode.

®

Since w,=2xf,, (1, is a resonance frequency [Hz] in the n-th
harmonic flexural vibration mode), the following formula (9)
can be acquired by the formulae (6) to (8).

R _w1CiQ _AC QO+ 00 ©

Rt~ 0.Ci0n fuGh Orl+ 0

However, the Q,, is known to be represented by the fol-
lowing formula (10).

J

142
O = pCp . +(fm0
" 02201%2@0 ﬁ
Jmo

)2 10

In the formula (10), p represents mass density [kg/m?], ¢,,
represents elastic stiffness constant [N/m?] related to con-
struction and expansion of the vibrating arm in the length
direction, a.,, represents thermal expansion coefficient [ 1/K]
related to the vibrating arm in the length direction, Cp repre-
sents thermal capacity [J/(kg'K)], and ®, represents an abso-
lute temperature [K] in the environment. Therefore, the parts
represented by the following formula (A) in the formula (10)
are constant numbers.

If 1 is used instead of n in the formula (10), a relational
expression in the fundamental flexural vibration mode is
obtained.

pCp (A)

2
2030,

With the formula (10), a ratio of the Q value (Q,) which is
acquired by considering only the thermoelastic loss in the
n-th harmonic flexural vibration mode and a Q value (Q,)
which is acquired by considering only the thermoelastic loss
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in the fundamental flexural vibration mode
sented by the following formula (11).

can be repre-

o _ *(%)2_ % i_“(%r:g_ﬁowﬁ "

Herein, in a case of the resonator element 2 which is created
by using the Z-cut quartz crystal plate and a direction in which
the vibrating arm 5 extends is the Y axis direction and a
direction of the flexural vibration is mainly the X axis direc-
tion, since the mass density p thereof is 2649 [kg/m>], the
thermal conductivity k (k, ;) related to the vibration direction
at the time of the flexural vibration is 6.65, and the thermal
capacity Cp is 735.4 [1/(kg'K)], the following formula (12) is
obtained by substituting the numerical values into the formula

4.

_ X665
T 2x26A9X T35 Ax

(12

Jmo [Hz]

The resonance frequency in the fundamental flexural
vibration mode is not limited, but in a case where the resona-
tor element 2 vibrates at a resonance frequency of 32.768 kHz
(1,=32.768 kHz) in the fundamental flexural vibration mode,
for example, a region in which the width (effective width) a of
the vibrating arm 5 in the vibration direction is greater than
12.8 um is the heat insulating region. Accordingly, in the
resonator element 2, the thermoelastic loss increases and the
fm, decreases. Herein, when 27.0 [um] as a being the heat
insulating region is substituted to the formula (12), the £, is
7.4 kHz and £, ,*/f,> is calculated as 0.05, and thus approxi-
mation such as the following formula (13) is satisfied.

2 (13)
S+ fl= flz(flzo + 1] =2

1

The resonance frequency £, in the n-th harmonic flexural
vibration mode has a relationship of f;<f,, and thus a rela-
tionship of the following formula (13') is satisfied in the same
manner as the formula (13).

2 13’
fﬁo+fn2=fn2(%+l]'=.ff 4

If the value of a is large, the £, is further smaller than 7.4
kHz, and therefore, in a case where the resonance frequency
in the fundamental flexural vibration mode is 32.768 kHz, the
formula (13) and the formula (13') are constantly satisfied in
the range of a =27.0 [um]. In the same manner as described
above, in a case where the resonance frequency in the funda-
mental flexural vibration mode is 32.768 kHz and the flexural
vibration direction of the vibrating arm 5 in the flexural vibra-
tion mode is the Y axis direction, the formula (13) and the
formula (13') are obtained in the range of a =30.5 [um], and in
a case of the flexural vibration direction thereof is the Z axis
direction, the formulae are obtained by setting the range of a
233.7 [m].
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Accordingly, the formula (11) becomes the following for-
mula (14).

Om _ f

o A

14

Ifthe formula (14) is transformed to the following formula
(15) and is substituted to the formula (9), the following for-
mula (16) is obtained.

n 15

O = %Qn )

oYY (16)
(ZQTI) Yo o,
o7 + 01t A

If the formula (16) is subsequently transformed, the fol-
lowing formula (17) can be obtained.

f On an
EQLI +EQ71 N £.C,
Or, +0n1 fCy
2 Cr
%Qn > %(Qu +0r1)— %QLI
Qu fncn(%ﬂ]_ﬁ%
Q. ACI\Qn fr Om1

The general resonator element is designed to preferably
satisty Q,,/Q;,=0.05, so as to sufficiently reduce the vibra-
tion leakage in the fundamental flexural vibration mode.
Accordingly, Q;,>Q,, can be satisfied. Thus, Q;,/Q,
becomes an extremely large value, and Q,/Q+1~Q,,/Q,
can be assumed. Therefore, the following formula (18) can be
obtained by the formula (17).

(18)

FnCn ﬁ]
AC h

oL > Q}i(
An equivalent capacitance C,, in the n-th harmonic flexural
vibration mode can be represented by the following formula

(19).

c, a9

w2L,

The following formula (20) can be obtained by using the
formula (19) and the formula (18).

20

Qrn < Qni b (Ll )71

Iy
fitL,

As described above, since it is designed that the vibration
leakage is sufficiently reduced in the fundamental flexural
vibration mode, and Q; ,>Q, can be satisfied, Q,,=Q; canbe
assumed by the formula (7). Accordingly, in the formula (20),
the Q, can be substituted with the Q,, and the formula (1)
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regulated in the invention can be introduced. The Q value
(Q;,) acquired by considering only the vibration leakage in
an n-th harmonic flexural vibration mode can be actually
measured as follows. First, the Q value of the resonator ele-
ment 2, in a state of being connected to the base 91 through the
conductive adhesive 11, which is the resonator 1, in the n-th
harmonic flexural vibration mode is measured and this value
is set as Q,. Then, the resonator element 2 which is not
connected to the base 91 through the conductive adhesive 11
is prepared, and is fixed to the connection terminals 951 and
961 of the base 91 in a state where the element 2 is suspended
by a metallic wire such as Au, Al, or Cu. At that time, the
conductive adhesive 11 may be connected or may not be
connected to the resonator element 2, and alternatively, a part
of'the conductive adhesive 11 may remain to be connected to
the resonator element 2. This is because that, since the con-
ductive adhesive 11 in this state is not connected to the base
91, the elastic energy does not leak to the outside through the
conductive adhesive 11 in the n-th harmonic flexural vibra-
tion mode, accordingly the loss is not concerned and the
deformation is also extremely small, and therefore only the
equivalent series resistance R, is slightly increased.

The wire on the element 2 side is connected to the region to
which the least effect of the vibration is affected in the ele-
ment 2, that is, the support arm 71. In a case of the resonator
element with no support arm, the wire is connected to the
vicinity of the region in which the fixing portion should be
provided, such as a base portion. In addition, the wire pref-
erably has sufficient fineness and a length so that the n-th
flexural vibration of the resonator element 2 does not leak,
and for example, a diameter thereofis preferably from 5 pmto
30and the length is preferably from 1.5 to 5 times with respect
to the length of the resonator element 2 in the Y axis direction.
The Q value measured in this state in the n-th harmonic
flexural vibration mode is Q,. According to the formula (7),
since Qa_leTn_l+QLn_l and Qb_lem_li QLn:(Qa_l_
Q,~ 5! is obtained by the two formulae.

The measurement can be performed in the same manner as
described above even in a case where the fixing portion is not
the conductive adhesive. Other methods may be used as long
as it is a method which is not affected by the vibration leak-
age, and only the Q, may be measured and Q, may be
calculated by the simulating using a model obtained by pat-
terning the shape of the resonator element 2 to obtain Q,,=
(Q.7-Qp,H7! by the formula (7).

As described above, it is preferable that the resonator ele-
ment 2 configured so as to satisfy the formula (1) is config-
ured so as to satisty at least one (preferably two and more
preferably three) of the following three conditions [1] to [3].

[11Q,,~1/Q, " is preferably equal to or greater than 0.5 and
more preferably equal to or greater than 0.9. Accordingly, a
proportion of the loss by the vibration leakage with respect to
the entire loss of the resonator element 2 in the n-th harmonic
flexural vibration mode can be sufficiently set to be great.
Since the thermoelastic loss in the n-th harmonic flexural
vibration mode is naturally determined by the shape of the
vibrating arms 5 and 6 which are optimally designed in the
fundamental flexural vibration mode, by satisfying the con-
ditions, it is possible to sufficiently decrease the Q valuein the
n-th harmonic flexural vibration mode. As a result, it is pos-
sible to set the equivalent series resistance R, in the n-th
harmonic flexural vibration mode to be greater than the
equivalent series resistance R, in the fundamental flexural
vibration mode, and therefore, it is possible to obtain the
resonator 1 which exhibits a more excellent vibration prop-
erty in the fundamental flexural vibration mode of the reso-
nator element 2, and a concern of a false operation in which an
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oscillator with this resonator loaded thereon oscillates at a
resonance frequency in the n-th harmonic flexural vibration
mode, is reduced.

[2] Q,/Q, is preferably equal to or smaller than 1, more
preferably equal to or smaller than 0.5, and even more pref-
erably equal to or smaller than 0.3. That is, it is preferable to
set Q, to be sufficiently greater than Q,,. Accordingly, it is
possible to set the equivalent series resistance R,, in the n-th
harmonic flexural vibration mode to be sufficiently greater
than the equivalent series resistance R, of the resonator ele-
ment 2 in the fundamental flexural vibration mode. As a
result, it is possible to obtain the resonator 1 which exhibits a
more excellent vibration property in the fundamental flexural
vibration mode of the resonator element 2.

[3]f,,,*/1, % is preferably equal to or smaller than 0.05, more
preferably equal to or smaller than 0.001, and even more
preferably equal to or smaller than 0.0001. For example, in a
case where T, ,%/f;>=0.05, as shown in Table 1 below, the Q
value (Q,) in the fundamental flexural vibration mode is
sufficiently increased with respect to a Q value of 802 when
f,=f,,o in which the thermoelastic loss becomes the maxi-
mum.

TABLE 1
p [kg/m?] 2649
Cp [M(kg - K)] 734.5
Cyy [N/m?] 8.67E+10
0y, [1/K] 1.37E-03
8, [K] 208.15
£, 212 0.05
fi/f,0 4472136
Q, 1883

If f,,%/f,% is smaller than 0.05, the Q value (Q,) in the
fundamental flexural vibration mode is further increased.
Accordingly, by satisfying that f,,,*/f,?<0.05, it is possible to
obtain the resonator element 2 having a high Q value. That is,
it is possible to obtain the resonator element 2 having low
equivalent series resistance R, in the fundamental flexural
vibration mode. As a result, it is possible to obtain the reso-
nator 1 which exhibits the excellent vibration property at low
power consumption in the fundamental flexural vibration
mode of the resonator element 2.

If the width of the vibrating arm 5 (length in the X axis
direction) is set as a,, and the value of f,,, obtained by sub-
stituting a, with the effect arm width a of the formula (4),
thermal relaxation frequency in a case where the grooves 52
and 53 are not formed on the front and rear surfaces of the
vibrating arm 5 is obtained. The thermal relaxation frequency
f,, in a case where the grooves 52 and 53 are formed is f,,,
obtained by substituting the effective arm width a in the
formula (4) (f, =f,.0), in addition, in the heat insulating region
as described above, the thermal relaxation frequency £, in a
case where the grooves 52 and 53 are formed is lower than the
thermal relaxation frequency f, in a case where the grooves 52
and 53 are not formed, that is, f, ,<f,. Accordingly, by satis-
fying £,%/f,?°<0.05, f, ,%/f,><0.05 is satisfied, and accordingly,
by satisfying f,%/f,%<0.05, it is possible to obtain the resona-
tor element 2 having a higher Q value.

According to the study by the inventors, it is confirmed
that, in the resonator element 2 described above, the vibration
in the second harmonic flexural vibration mode and the vibra-
tion in the third harmonic flexural vibration mode among the
vibration in various harmonic flexural vibration modes
greatly affect the vibration in the fundamental flexural vibra-
tion mode. Herein, the second harmonic flexural vibration
mode is a harmonic flexural vibration mode having a low
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resonance frequency subsequent to that in the fundamental
flexural vibration mode, and is a vibration mode in which,
when the base portion 4 side of the vibrating arms 5 and 6
repeats between approach and separation from each other in
the approximately XY plane, the flexural vibration in which
the distal end side (side opposite the base portion 4) of the
vibrating arms 5 and 6 repeats between approach and sepa-
ration from each other is performed, and as shown in FIG. 8A,
the vibrating arms 5 and 6 bend around one middle portion in
the longitudinal direction. The third harmonic flexural vibra-
tion mode is a harmonic flexural vibration mode having a low
resonance frequency subsequent to that in the second har-
monic flexural vibration mode, and is a vibration mode in
which, when the base portion 4 side and the distal end side of
the vibrating arms 5 and 6 repeat between approach and
separation from each other in the approximately XY plane,
the flexural vibration in which portions of the vibrating arms
5 and 6 positioned between the base portion 4 side and the
distal end side of the vibrating arms 5 and 6 repeat between
approach and separation from each other is performed, and as
shown in FIG. 8B, the vibrating arms 5 and 6 bend around two
middle portions in the longitudinal direction in a S shape.

Accordingly, in the invention, the resonator element 2 is
preferably configured so as to satisfy the following formula
(2) or the following formula (3). Therefore, the vibration
mode including the second harmonic flexural vibration mode
or the vibration mode including the third harmonic flexural
vibration mode is included in a mixed manner in the vibration
of the resonator element 2 in the fundamental flexural vibra-
tion mode, and it is possible to suitably prevent the decrease
in the vibration property of the resonator element 2.

frla -1 2
Q12 < Q) Z(E - 1)

Sl -1 (3
Q13 < Qi Z(L_s - 1)

The effects described above will be described in detail with
reference to results of a simulation performed by the inven-
tors. In the simulation, the resonator element 2 and a resonator
element X which are obtained by patterning the Z-cut quartz
crystal plate by the wet etching are used.

As dimensions of portions of the resonator element 2 used
in the simulation, a thickness of the quartz crystal substrate 3
is 130 um, a depth of the grooves 62 and 63 is 60 pm, and the
other dimensions are as shown in FIG. 7A. The resonator
element X shown in FIG. 7B is substantially the same as the
resonator element 2 shown in FIG. 7A, except for omitting the
reduced width portion 42 and the support arm 71.

The simulation was performed for the case where the reso-
nator element 2 and the resonator element X adhered to the
base (Young’s modulus: 320 GPa, Poisson’s ratio: 0.23, mass
density: 3800 kg/m?®) at two portions by using bismuth-raid
Adhesive (Young’s modulus: 3.4 GPa, Poisson’s ratio: 0.33,
mass density: 4070 kg/m?®) having a thickness of 20 um. The
resonator element 2 is fixed to the base at the support arm 71,
and the resonator element X is fixed to the base at the base
portion (lower end portion in FIG. 7B), and the loss occurring
by the leakage of energy reaching the interface between the
adhesive and the base to the base side is calculated as the
vibration leakage, and a corrected coefficient obtained from
the measured result is multiplied, and accordingly a Q value
(Q;,) acquired by considering only the vibration leakage in
the second harmonic flexural vibration mode is obtained.
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The simulation was performed for the resonator element 2
and the resonator element X, and the property values in the
fundamental flexural vibration mode and the second har-
monic flexural vibration mode were calculated. Hereinafter,
the calculated results are shown in Table 2 below.

TABLE 2
Resonator Resonator
element 2 element X
Fundamental R, kQ] 65 136
flexural f, [Hz] 31061 31962
vibration mode L, [H] 2588 2795
Q 9834 10107
Second harmonic R, [kQ] 149.5 108.8
flexural f, [Hz] 281395 290610
vibration mode L, [H] 121 1715
Qo 1816 180411
Value calculated by 4383 145945
substituting property values
into a right side of the
formula (2)
R,/R; 2.3 0.8

As is clear from Table 2, in the resonator element 2, a value
calculated by substituting the property values obtained by the
simulation into a right side of the formula (2) is 4383 and it is
larger than the value (1816) of Q,, which is on a left side of
the formula (2). That is, the resonator element 2 is configured
s0 as to satisfy the formula (2). In addition, aratio R,/R, ofthe
equivalent series resistance R, in the fundamental flexural
vibration mode and the equivalent series resistance R, in the
second harmonic flexural vibration mode is 2.3, and R, is
sufficiently larger than R,. Accordingly, the resonator 1
including such a resonator element 2 can exhibit the excellent
vibration property, and the occurrence of the false operation
in which the oscillator on which the resonator 1 including
such a resonator element 2 is loaded, oscillates at the reso-
nance frequency in the second harmonic flexural vibration
mode can be suppressed.

On the other hand, in the resonator element X, a value
calculated by substituting the property values obtained by the
simulation into a right side of the formula (2) is 145945, and
it is smaller than the value (180411) of Q,, which is on a left
side of the formula (2). That is, the resonator element X is not
configured so as to satisfy the formula (2). In addition, the
ratio R,/R,; of the equivalent series resistance R, in the fun-
damental flexural vibration mode and the equivalent series
resistance R, in the second harmonic flexural vibration mode
is 0.8, and R, is sufficiently larger than R,. Accordingly, the
false operation in which the oscillator on which the resonator
including such a resonator element X is loaded, oscillates at
the resonance frequency in the second harmonic flexural
vibration mode may occur.

According to the study by the inventors, when n=3, that is,
also in the third harmonic flexural vibration mode, the same
effect as the simulation effect obtained in the second har-
monic flexural vibration mode is obtained.

As described above, by configuring (designing) the reso-
nator element 2 so as to satisty the formula (1) regulated in the
invention, it is possible to suppress the increase of the equiva-
lent series resistance R, in the fundamental flexural vibration
mode, and to set a value of equivalent series resistance R,, in
the n-th harmonic flexural vibration mode to be greater than
the value of the equivalent series resistance R in the funda-
mental flexural vibration mode. As a result, it is possible to
obtain the resonator 1 which exhibits an excellent vibration
property, and to suppress the occurrence of the false operation
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in which the oscillator with the resonator 1 loaded thereon
oscillates at the resonance frequency in the n-th harmonic
flexural vibration mode.

2. Oscillator

Next, the oscillator to which the resonator of the invention
is applied (oscillator according to the invention) will be
described.

FIG. 9 is a cross-sectional view showing a preferred
embodiment of the oscillator according to the invention.

An oscillator 10 shown in FIG. 9 includes the resonator 1,
and an IC chip 8 for driving the resonator element 2. Herein-
after, the oscillator 10 will be described with a focus on
different points from the resonator, and the description of the
overlapping points will be omitted.

As shown in FIG. 9, the package 9 includes the box-shaped
base 91 including the recess 911, and the plate-shaped 1id 92
which covers the opening of the recess 911. In addition, the
recess 911 of the base 91 includes a first recess 911a opened
to an upper surface of the base 91, a second recess 9115
opened to a center portion of a bottom surface of the first
recess 911a, and a third recess 911¢ opened to a center portion
of a bottom surface of the second recess 9115.

The connection terminals 95 and 96 are formed on the
bottom surface of the first recess 911a. The IC chip 8 is
disposed on the bottom surface of the third recess 911c¢. The
IC chip 8 includes an oscillation circuit for controlling the
driving of the resonator element 2. If the resonator element 2
is driven by the IC chip 8, it is possible to extract a signal at a
predetermined frequency.

In addition, a plurality of internal terminals 93 electrically
connected to the IC chip 8 through a wire are formed on the
bottom surface of the second recess 9115. The plurality of the
internal terminals 93 include a terminal which is electrically
connected to an external terminal 94 formed on the bottom
surface of the package 9 through a via (not shown) formed on
the base 91, a terminal which is electrically connected to the
connection terminal 95 through a via or wire (not shown), and
a terminal which is electrically connected to the connection
terminal 96 through a via or wire (not shown).

In the configuration of FIG. 9, the configuration in which
the IC chip 8 is disposed in the accommodation space has
been described, but the disposition of the IC chip 8 is not
particularly limited, and the IC chip may be disposed on the
outside of the package 9 (bottom surface of the base), for
example.

3. Electronic Device

An electronic device to which the resonator according to
the invention is applied (electronic device according to the
invention) will be described.

FIG. 11 is a perspective view showing a configuration of a
mobile-type (or note-type) personal computer to which the
electronic device including the resonator according to the
invention is applied. In the drawing, a personal computer
1100 is configured with a main body portion 1104 including
a keyboard 1102, and a display unit 1106 including a display
portion 2000, and the display unit 1106 is rotatably supported
with respect to the main body portion 1104 through a hinge
structure portion. The resonator element 2 which functions as
a filter, a resonator, or a reference clock is embedded in such
personal computer 1100.

FIG. 10 is a perspective view showing a configuration of a
mobile phone (including a PHS) to which the electronic
device including the resonator according to the invention is
applied. In the drawing, a mobile phone 1200 includes a
plurality of manipulation buttons 1202, an ear piece 1204, and
a mouth piece 1206, and a display portion 2000 is disposed
between the manipulation buttons 1202 and the ear piece
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1204. The resonator element 2 which functions as a filter or a
resonator is embedded in such mobile phone 1200.

FIG. 12 is a perspective view showing a configuration of a
digital still camera to which the electronic device including
the resonator according to the invention is applied. In the
drawing, the connection with an external device is simply
shown. Herein, a digital still camera 1300 generates an imag-
ing signal (image signal) by performing photoelectric con-
version of an optical image of a subject by an imaging device
such as a charge coupled device (CCD), whereas a typical
camera exposes a silver-halide photographic film with an
optical image of a subject.

A display unit is provided on a rear surface of a case (body)
1302 of the digital still camera 1300, and has a configuration
of performing display based on the imaging signal by the
CCD, and the display unit functions as a finder for displaying
a subject as an electronic image. In addition, a light receiving
unit 1304 including an optical lens (imaging optical system)
or the CCD is provided on a front surface side (rear surface
side in the drawing) of the case 1302.

When a photographer confirms a subject image displayed
on the display unit and presses a shutter button 1306, the
image signal of the CCD at that time point is transferred and
stored in the memory 1308. In addition, in the digital still
camera 1300, a video signal output terminal 1312 and a data
communication input and output terminal 1314 are provided
on a side surface of the case 1302. As shown in the drawing,
a television monitor 1430 is connected to the video signal
output terminal 1312 and a personal computer 1440 is con-
nected to the data communication input and output terminal
1314, respectively, if necessary. In addition, the imaging sig-
nal stored in the memory 1308 is output to the television
monitor 1430 or the personal computer 1440 by a predeter-
mined manipulation. The resonator element 2 which func-
tions as a filter or a resonator is embedded in such digital still
camera 1300.

In addition to the personal computer of FIG. 11 (mobile
type personal computer), the mobile phone of FIG. 10, and
the digital still camera of FIG. 12, the electronic device
including the resonator according to the invention can be
applied to an ink jet-type discharging device (for example, ink
jet printer), a laptop type personal computer, a television, a
video camera, a video tape recorder, a car navigation device,
a pager, an electronic notebook (including communication
function), an electronic dictionary, a calculator, an electronic
game machine, a word processor, a workstation, a video tele-
phone, a security television monitor, an electronic binocular,
a POS terminal, medical equipment (for example, an elec-
tronic thermometer, a blood pressure meter, a blood glucose
meter, an ECG measuring device, a ultrasound diagnostic
device, an electronic endoscope), a fish finder, a variety of
measurement equipment, a meter (for example, meters for
vehicles, aircraft, ships), a flight simulator, and the like.

4. Moving Object

Next, a moving object to which the resonator according to
the invention is applied (moving object according to the
invention) will be described.

FIG. 13 is a perspective view schematically showing a
vehicle as an example of a moving object according to the
invention. The resonator element 2 is loaded on a vehicle
1500. The resonator element 2 can be widely applied to an
electronic control unit (ECU) such as a keyless entry, an
immobilizer, a car navigation system, a car air-conditioner, an
anti-lock braking system (ABS), an airbag, a tire pressure
monitoring system (TPMS), engine control, a battery monitor
of a hybrid car or an electrical car, a vehicle body posture
control unit, and the like.
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Hereinabove, the resonator element, the resonator, the
oscillator, the electronic device, and the moving object have
been described with reference to the embodiments shown in
the drawings, but the invention is not limited thereto, and the
configuration of each unit can be replaced by an arbitrary
configuration having the same function. Other arbitrary con-
figurations may be added to the invention. In addition,
embodiments may be suitably combined with each other.

The entire disclosure of Japanese Patent Application No.
2013-075384, filed Mar. 29, 2013 is expressly incorporated
by reference herein.

What is claimed is:

1. A resonator element comprising:

a vibration piece including a base portion, and a pair of
vibrating arms which, in a plan view, extend in a first
direction from the base portion, are arranged in a second
direction orthogonal to the first direction, and alternately
repeat between approach and separation from each other
along the second direction to perform flexural vibration,

wherein conditions shown by the following formula (1) are
satisfied

fn(ﬂ _1)’1 (5]

QLn<Q1Z L

wherein, Q,,, represents a Q value acquired by considering
only vibration leakage in an n-th harmonic flexural
vibration mode, Q, represents a Q value in a fundamen-
tal flexural vibration mode, L, represents equivalent
inductance in the n-th harmonic flexural vibration mode,
L, represents equivalent inductance in the fundamental
flexural vibration mode, f, represents a resonance fre-
quency in the n-th harmonic flexural vibration mode, f;
represents a resonance frequency in the fundamental
flexural vibration mode, and n represents a natural num-
ber of equal to or greater than 2.
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2. The resonator element according to claim 1,

wherein, when a Q value in an n-th harmonic flexural
vibration mode is set as Q,, Q,,,”*/Q, ™" is equal to or
greater than 0.5.

3. The resonator element according to claim 1,

wherein, when a Q value in an n-th harmonic flexural
vibration mode is set as Q,,, Q,/Q, is equal to or smaller
than 1.

4. The resonator element according to claim 1,

wherein, when a thermal relaxation frequency is setas f,,

f,,>/f,? is equal to or smaller than 0.05.

m

5. The resonator element according to claim 1, further

comprising:

a support arm which is disposed between the pair of vibrat-
ing arms in a plan view, and extends along the first
direction from the base portion,

wherein the support arm is attached to a base with a fixing
material.

6. The resonator element according to claim 1,

wherein a groove is provided on at least one of a pair of
main surfaces of the vibrating arm which have a front-
rear relationship.

7. The resonator element according to claim 1,

wherein the vibrating arm includes a weight portion, and an
arm portion which is disposed between the weight por-
tion and the base portion in a plan view.

8. The resonator element according to claim 7,

wherein the weight portion includes a wide width portion
having a greater width along the second direction than
that of the arm portion.

9. A resonator comprising:

the resonator element according to claim 1; and

a base on which the resonator element is loaded.

10. An oscillator comprising:

the resonator element according to claim 1; and

a circuit.

11. An electronic device comprising the resonator element

according to claim 1.

12. A moving object comprising the resonator element

according to claim 1.



